To subvert host immunity, influenza A virus (IAV) induces early apoptosis in innate immune cells by disrupting mitochondria membrane potential via its polymerase basic protein 1-frame 2 (PB1-F2) accessory protein. Whether immune cells have mechanisms to counteract PB1-F2-mediated apoptosis is currently unknown. Herein, we define that the host mitochondrial protein nucleotide-binding oligomerization domain-like receptor (NLR)X1 binds to viral protein PB1-F2, preventing IAV-induced macrophage apoptosis and promoting both macrophage survival and type I IFN signaling. We initially observed that Nlrx1-deficient mice infected with IAV exhibited increased pulmonary viral replication, as well as enhanced inflammatory-associated pulmonary dysfunction and morbidity. Analysis of the lungs of IAV-infected mice revealed markedly enhanced leukocyte recruitment but impaired production of type I IFN in Nlrx1 −/− mice. Impaired type I IFN production and enhanced viral replication was recapitulated in Nlrx1 −/− macrophages and was associated with increased mitochondrial mediated apoptosis. Through gain-and loss-of-function strategies for protein interaction, we identified that NLRX1 directly bound PB1-F2 in the mitochondria of macrophages. Using a recombinant virus lacking PB1-F2, we confirmed that deletion of PB1-F2 abrogated NLRX1-dependent macrophage type I IFN production and apoptosis. Thus, our results demonstrate that NLRX1 acts as a mitochondrial sentinel protecting macrophages from PB1-F2-induced apoptosis and preserving their antiviral function. We further propose that NLRX1 is critical for macrophage immunity against IAV infection by sensing the extent of viral replication and maintaining a protective balance between antiviral immunity and excessive inflammation within the lungs.
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innate immunity | Nod-like receptor I nfluenza A virus (IAV) infection may progress to fatal viral pneumonia if the virus spreads from the upper airways to the alveolar space in the lower respiratory tract. In fact, some highly pathogenic strains of IAV such as those of the highly pathogenic H5N1 subtype preferentially infect the human lower respiratory tract resulting in severe pneumonia and high mortality rate (1) . During infection, alveolar macrophages (Mφ) are among the first immune cells to encounter IAV and are indispensable for the early detection and clearance of the virus. Following recognition of the virus via pattern-recognition receptors (PRRs), Mφ produce a wide range of cytokines/chemokines, including IFN-α and -β, collectively referred to as type I IFN (2, 3). There are three major types of PRRs involved in IAV recognition by Mφ: the Toll-like receptors (TLRs), the NOD-like receptors (NLRs), and the RIG-like helicase receptors (RLRs) (4) . NLRX1 is a recently identified PRR belonging to the NLR family that has an N-terminal effector domain containing a mitochondrion localization signal (5) . Although NLRX1 was initially thought to localize to the mitochondrial outer membrane (6) , a recent study suggests that NLRX1 is found in the mitochondrial matrix and interacts with a matrix protein of respiratory chain complex III (UQCRC2) (7); these results have been validated by others (8, 9) . Importantly, ligands for NLRX1 are as yet unknown.
Early innate antiviral immunity mainly relies on the production of type I IFN (10) (11) (12) (13) (14) . Secreted type I IFNs function in an autocrine and paracrine fashion are critical for the early control of viral replication by activating the transcription of intrinsic antiviral factors. Upon virus sensing by host cells, two members of the IFN regulatory factor (IRF) family, IRF3 and IRF7, activate type I IFN gene transcription and initiate the first wave of IFN secretion. Subsequent binding of type I IFNs to their cognate receptor leads to the activation of the JAK/STAT pathway, generating a positive-feedback loop that prolongs activation of IFN-stimulated genes, mediates a second wave of IFN secretion, and leads to the production of antiviral proteins such as ISG56/IFIT1 and STAT2 (15, 16) . The success of IAV depends on its capacity to either subvert or subdue the host immune response for a productive replication (13, 17) . As such, it encodes several virulence factors that inhibit type I IFN signaling and/or promote viral-induced early apoptosis of immune cells (13, 18) .
IAV polymerase basic protein 1-frame 2 (PB1-F2) is a 75-to 90-aa-long accessory protein encoded by an ORF overlapping the PB1 ORF on segment 2 of the viral genome (19, 20) . PB1-F2 has been shown to modulate the induction of type I IFN (21) (22) (23) ; however, its main function is to induce apoptosis in host immune cells by targeting mitochondria via the basic amphipathic helix in its Significance Apoptosis refers to the ability of a cell to undergo programmed cell death under normal physiological conditions or in response to stress signals. During infection, influenza A viruses have the capacity to induce early apoptosis of immune cells, thereby preventing them from performing their antiviral function. In this study, we identified that a host innate immune sensor [NLRX1 (nucleotide-binding oligomerization domain-like receptor X1)] has the capacity to bind a small death-inducing protein from influenza A virus [PB1-F2 (polymerase basic protein 1-frame 2)] and defend immune cells against virus-driven apoptosis. This phenomenon allows the immune cells to survive longer and effectively restrict viral replication, protecting the host against the detrimental consequences of influenza.
C-terminal region, which results in alteration of their morphology, as well as dissipation of the mitochondrial inner membrane potential (ΔΨ m ) (19, (24) (25) (26) (27) . Considering their early and central role in antiinfluenza immunity, it is not surprising that macrophages (Mφ) are the main target of PB1-F2-mediated apoptosis (19, 28) .
Here, we report that Nlrx1 −/− mice infected with IAV exhibited increased pulmonary viral titer and enhanced recruitment of inflammatory cells to the lungs, leading to increased airway hyperreactivity (AHR) and morbidity. Increased viral titer in Nlrx1 −/− mice was associated with impaired type I IFN production in the lungs, a finding that was recapitulated in vitro in IAV-infected Nlrx1 −/− Mφ. The inability of IAV-infected Nlrx1-deficient Mφ to produce type I IFN was not attributable to an intrinsic impairment in type I IFN signaling but rather to increased mitochondrial mediated apoptosis. We further demonstrate that the effect of NLRX1 on the fate of Mφ was attributable to its ability to directly interact with viral protein PB1-F2 and preventing mitochondrial damage. Overall, this study reveals a central role for NLRX1 in promoting Mφ survival and enhancing Mφ type I IFN-dependent antiviral immunity against IAV infection.
Results
Nlrx1 Deficiency Leads to Increased Pulmonary Viral Titer and Inflammation and Reduced Pulmonary Function During IAV Infection. To evaluate the ability of Nlrx1-deficient mice to control IAV infection, we initially performed infections with a lethal dose (LD 50 ) of IAV (150 pfu). Similar to a previous study (29) , Nlrx1-deficient mice revealed significant morbidity as shown by increased weight loss Using flexiVent, the total lung resistance upon methacholine challenge in uninfected and IAV-infected mice was measured at day 6 (∼150 pfu) and day 12 (∼50 pfu) pi. Data are presented as fold increases in pulmonary resistance relative to baseline resistance measured before methacholine challenge. Data are depicted as means ± SEM and are representative of three independent experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001 between mouse genotypes or as indicated (except in A and B, n = 3-6 mice per group per time point).
( Fig. 1A) but not mortality (Fig. 1B) . Interestingly, Nlrx1 −/− mice had significantly higher viral loads in the lungs at days 3 and 6 postinfection (pi) compared with WT mice (Fig. 1C) . To study the full kinetic of infection, we next challenged the mice with a sublethal dose of IAV (50 pfu). Similar to the kinetics of human IAV infection (30) , sublethal challenge of mice led to productive viral replication in the lungs peaking at day 3 pi and then progressively reduced leading to complete eradication by 12 d pi (Fig. 1D) . Although both WT and Nlrx1 −/− mice were able to clear the infection by day 12 pi, Nlrx1-deficient mice had significantly higher viral particles in the lungs at the peak of viral replication (day 3 pi; Fig. 1 D and E) .
The significant increase in viral load in Nlrx1 −/− mice was also associated with markedly enhanced inflammation because histological analysis of the lungs revealed a noticeably higher level of leukocyte infiltration, as well as increased airway plugging and alveolar wall thickening, in Nlrx1 −/− mice compared with WT mice at both days 3 and 12 pi (Fig. 1F and Fig. S1A ). To quantify this histological observation, we next performed flow cytometric analysis of the lungs and bronchoalveolar lavage (BAL) fluid of WT and Nlrx1 −/− mice ( Fig. 1 G and H and Figs. S1B and S2). At day 3 pi, the numbers of CD45.2 + leukocytes was significantly increased in the lungs and BAL fluid of Nlrx1 −/− mice compared with WT ( Fig. 1 G and H) . Analysis of the frequency of different leukocyte populations in the lung of IAV-infected WT and Nlrx1 −/− mice showed no significant difference in cellular recruitment. Indeed, the frequencies of alveolar Mφ (AM), interstitial Mφ (IM), "inflammatory" monocytes (Gr1 + Mono), "patrolling" monocytes (Gr1 − Mono) neutrophils, eosinophils, natural killer (NK) cells, T cells, and B cells were not significantly different between WT and Nlrx1 −/− mice ( Fig. 1 G and H) . Considering that high levels of viral replication coupled with early robust host immune responses are major determinants of the severity of pneumonia (31) , the increased lung inflammation in IAV-infected Nlrx1 −/− mice was associated with increased AHR at both days 6 and 12 pi (Fig. 1I) . Collectively, these results suggest that NLRX1 plays a key role in restricting the early phase of viral replication thus preventing excessive inflammation and morbidity mediated by IAV infection.
Nlrx1-Deficient Mice Have an Impaired Type I IFN Response to IAV Infection. Upon infection, IAV actively suppresses type I IFN production to replicate (17) . The ability of the host to counteract this suppression by inducing a strong and rapid type I IFN response is therefore critical to limit the extent of early viral replication. The observation that Nlrx1 −/− mice infected with a sublethal dose of IAV had more viral particles in the lungs at day 3 pi, but not at a later time, was an indication of a defect in innate antiviral immunity. To determine whether mice deficient in Nlrx1 have an altered type I IFN response following IAV infection, we initially characterized IFN-β and IFN-α production in the lungs and BAL fluid of infected mice. Consistent with the kinetic of type I IFN production following viral infection (32) , maximum IFN-β and IFN-4α mRNA levels were reached first at day 3 pi (Fig. 2 A and B) . This initial induction of type I IFN then leads to the second wave of antiviral response by production of mainly other IFN-α subtypes (32) . As shown in Fig. 2C , the maximum expression of IFN-α PAN (consists of all 11 murine subtypes) mRNA was at day 6 pi in WT mice. Strikingly, at the peak of viral replication (day 3 pi), both IFN-β and IFN-4α mRNA transcripts were virtually absent from the lungs of Nlrx1 −/− mice ( Fig. 2 A and B) and were still significantly lower than in IAVinfected WT mice by day 6 pi. This delayed and impaired type I IFN mRNA response in Nlrx1 −/− mice was associated with a significant decrease in mRNA transcripts of IFN-stimulated genes (ISGs) ISG56 and STAT2 at day 3 pi (Fig. 2D) . Furthermore, the decreased levels of type I IFN mRNA in IAV-infected Nlrx1 −/− mice correlated with reduced type I IFN-α and -β protein secretion in both the lungs and BAL fluid (Fig. 2 E-G) . Thus, consistent with the increased viral replication during the early phase of IAV infection, deficiency in Nlrx1 leads to a delayed and severely impaired type I IFN response in the lungs. significant decrease in type I IFN mRNA in the lungs of Nlrx1 −/− mice, Nlrx1 −/− bone marrow-derived Mφ produced significantly lower type I IFN mRNA transcripts upon infection with different doses and at different time points following IAV infection ( Fig. 3 A and B). Secreted protein levels of type I IFN (both IFN-β and -α; Fig. 3C ) and IFN-β (Fig. 3D) were also significantly reduced in Nlrx1 −/− Mφ after IAV infection. In line with their impaired type I IFN response, Nlrx1 −/− Mφ were more permissive to viral replication than WT Mφ ( Fig. 3 E and F) . Previous studies suggest that NLRX1 regulates type I IFN via the RIG-I/ MAVS signaling pathway during viral infection (6, 29) . To test this possibility, we quantified the type I IFN response in WT and In A-M, data are depicted as means ± SEM from triplicate wells of at least two independent experiments. In N-Q, data are depicted as means ± SEM of one representative experiment out of three. Except O-R: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 between mouse genotypes or as indicated. In O and P: *P < 0.05; **P < 0.01; ****P < 0.0001 compared with unstimulated cells of the same genotype or as indicated.
Nlrx1
−/− Mφ stimulated with the RIG-I ligands 5′pppRNA or intracellular poly(I:C). Similar to other studies (8, 29, 34) , the levels of IFN-β mRNA (Fig. 3G ) and type I IFN secretion (Fig.  3H) were similar between WT and Nlrx1 −/− Mφ, indicating that NLRX1 does not directly affect type I IFN signaling. To further confirm this finding, we next measured the level of phosphorylation of the IRF3 transcription factor, which is directly involved in the activation of type I IFN transcription downstream of RIG-I (4). Following IAV infection or 5′pppRNA treatment, WT and Nlrx1 −/− Mφ showed similar levels of IRF3 phosphorylation (Fig. S3A) . We next assessed whether the viability of IAVinfected Mφ was affected by NLRX1. Staining with a viability dye revealed that the frequency of dead cells was significantly higher in Nlrx1 −/− Mφ compared with WT Mφ at different time points following infection (Fig. 3I) . This was attributable to a significant increase in apoptosis in Nlrx1 −/− Mφ but not necrosis (Fig. 3 J-L and Fig. S3B ). The JC-1 fluorescent dye can be used to measure mitochondrial permeability transition events, an early indication of cellular apoptosis. In healthy cells, the cationic JC-1 dye localizes inside the negatively charged mitochondria where it aggregates. When the mitochondrial membrane potential (ΔΨ m ) is reduced in apoptotic cells, the JC-1 reagent diffuses throughout the cell in a monomeric form, which fluoresces green. The frequency of green fluorescent Nlrx1 −/− Mφ with disrupted ΔΨ m was significantly increased compared with WT Mφ at 16 and 24 h pi (Fig. 3M) . To further characterize apoptosis in IAV-infected versus bystander Mφ, IAV-infected WT and Nlrx1 −/− Mφ were intracellularly stained with antibodies against IAV-nuclear protein (NP) and activated caspase 3. Similar to increased viral titer ( Fig. 3 E and F) , the frequency of infected (NP
−/− Mφ was significantly elevated compared with WT Mφ (Fig. 3 N and  O) . The frequency of apoptosis in IAV-infected Nlrx1 −/− Mφ (NP + Active Casp3 + ) was also significantly higher than in IAVinfected WT Mφ (Fig. 3 N and P) , whereas there was no significant change in apoptosis between noninfected WT and Nlrx1 3 N and Q) . Together, these results were indicative of an early onset and increased magnitude of apoptosis in IAV-infected Nlrx1-deficient Mφ. To confirm that Nlrx1 −/− Mφ were also more apoptotic in vivo during IAV infection, we infected WT and Nlrx1 −/− mice with IAV and analyzed Mφ death modality in the lungs. Apoptosis frequencies of both alveolar and interstitial Mφ were significantly enhanced in Nlrx1 −/− mice compared with WT, whereas there was no difference in necrosis (Fig. S4 ). In addition, the frequency of apoptosis in IAV infected alveolar Mφ was significantly higher in the BAL fluid of infected Nlrx1 −/− mice compared with WT and the magnitude of differences was substantially increased using the higher dose of IAV inoculum (Fig. 3R) . Together, these results show that Nlrx1-deficient Mφ have an impaired type I IFN response, enhanced mitochondrial damage, and undergo more apoptosis following IAV infection.
NLRX1 Binds IAV Virus Proapoptotic PB1-F2 Protein. NLRX1 is a mitochondrial protein (7) and IAV-infected Nlrx1 −/− Mφ were more prone to mitochondrial damage and apoptosis. In addition, the only known IAV protein that targets Mφ mitochondria to induce apoptosis is PB1-F2 (19, 26) . Therefore, we next addressed the possibility that NLRX1 could prevent Mφ mitochondrial damage and apoptosis by binding to PB1-F2. To do so, we first ectopically expressed NLRX1 and HA-tagged PB1-F2-HA in HEK293T cells. By using a coimmunoprecipitation approach, we successfully pulled down NLRX1 by immunoprecipitating HA-tagged PB1-F2 from transiently transfected cells, suggesting that these two proteins physically interact (Fig. 4A) . Similar results were obtained when by immunoprecipitating NLRX1; HA-PB1-F2 protein was detected in the precipitated complex. Furthermore, confocal microscopy analysis supported the colocalization of endogenous NLRX1 and PB1-F2 (Fig. 4B) . To verify whether NLRX1 and myc-PB1-F2 interact during IAV infection, HEK293T cells were infected with the parental IAV virus or with recombinant IAV virus with disrupted PB1-F2 expression (IAV ΔPB1-F2) and pull-down assays of endogenous PB1-F2 or endogenous NLRX1 were performed. Immunoprecipitation detected a prominent endogenous complex between viral PB1-F2 and NLRX1 protein (Fig. 4C) . In addition, the NLRX1/PB1-F2 complex could only be detected in cells infected with IAV but not IAV ΔPB1-F2 (Fig. 4C) . This interaction was specific, considering PB1-F2 did not coimmunoprecipitate with other proteins localize at various mitochondrial locations, including Tom 20 (mitochondrial outer membrane), apoptosis-inducing factor (AIF) (mitochondrial intermembrane space), and COX IV (mitochondrial inner membrane) (Fig. 4D) . To further validate these findings, we performed coimmunoprecipitation experiment using cell-free GST pull-down assay. We demonstrated that endogenous NLRX1 binds to recombinant GST-PB1-F2, confirming the direct nature of the interaction between two proteins (Fig. 4E) . To extend these findings, we infected A549 human airway epithelial cells with either WT or mutated virus. Again, immunoprecipitation of PB1-F2 led to the detection of endogenous NLRX1 by immunoblot only in cells infected with IAV but not IAV ΔPB1-F2 (Fig. 4F) . Consistent with these data, colocalization of endogenous PB1-F2 and NLRX1 in mitochondria was further supported using confocal microscopy ( Fig. 4G) . To determine whether the interaction between NLRX1 and PB1-F2 could be detected inside the mitochondria of Mφ, we collected mitochondrial lysates from WT and Nlrx1 −/− Mφ infected with IAV. The coimmunoprecipitation experiment with anti-NLRX1 and anti-PB1-F2 polyclonal serum confirmed the interaction between NLRX1 and PB1-F2, which only occurred in isolated mitochondria of WT but not Nlrx1 −/− Mφ (Fig. 4H) . Thus, NLRX1 binds PB1-F2 and this interaction occurs endogenously in mitochondria.
NLRX1 Enhances Type I IFN Production in IAV-Infected Mφ by Protecting
Them from PB1-F2-Mediated Apoptosis. Because NLRX1 interacted with PB1-F2 in Mφ mitochondria, we next hypothesized that NLRX1-dependent suppression of apoptosis in IAV-infected Mφ would be lost upon infection with IAV ΔPB1-F2. Indeed, the frequency of cell death (Fig. 5A ), mitochondrial ΔΨ m (Fig. 5B) , apoptosis ( Fig. 5C and Fig. S5A ), or necrosis ( Fig. 5D and Fig.  S5A ) did not differ between WT and Nlrx1 −/− Mφ following infection with IAV ΔPB1-F2. Additionally, there was no difference in type I IFN at either transcriptional or translational levels between WT and Nlrx1-deficient Mφ infected with IAV ΔPB1-F2 (Fig. 5 E-G) . Consistent with the similar levels of type I IFN production, the levels of viral replication were similar between WT and Nlrx1-deficient Mφ (Fig. 5H ) and both pulmonary type I IFN production and viral replication did not differ between WT and Nlrx1 −/− mice at day 3 following IAV ΔPB1-F2 infection (Fig.  S5 B-D) . To evaluate the effect of PB1-F2 in the modulation of type I IFN production and cell death, we next infected WT Mφ with either IAV or IAV ΔPB1-F2. Similar to another study showing the anti-type I IFN function of PB1-F2 (23), we found that the expression levels of IFN-β were significantly higher in IAV ΔPB1-F2-infected Mφ than in IAV-infected Mφ (Fig. 5I) . We also confirmed the well-established proapoptotic function of PB1-F2 (19, 27, 34) because Mφ apoptosis but not necrosis was significantly reduced in the absence of PB1-F2 (Fig. 5 K and L) . To directly test whether the reduced antiviral activity of Nlrx1 (Fig. 5M) . Although the number of viruses in WT and Nlrx1 −/− Mφ was similar before transfer (Fig. 5N) , the mice that received infected Nlrx1 −/− Mφ showed increased pulmonary viral titer (Fig. 5O ) and decreased IFN-β secretion (Fig. 5P ) compared with the mice receiving infected WT Mφ. Most importantly, the absence of NLRX1 in alveolar Mφ infected with IAV ΔPB1-F2 had no effect on type I IFN production and pulmonary viral titer following adoptive transfer (Fig. 5 N-P) . Collectively, these data suggest that NLRX1 plays a critical role in preventing mitochondrial damage and apoptosis during IAV infection by binding to viral PB1-F2 protein, thereby allowing Mφ to produce more type I IFN and restrict viral replication. 
Discussion
The innate immune response is critical for the detection of IAV viruses and subsequent activation of adaptive immunity. To counteract host defense mechanisms, IAV have evolved strategies to replicate efficiently in the airways and transmit to other hosts. Virions initially replicate in airway epithelial cells and are then released from the apical side of these cells toward the airspace where they encounter alveolar Mφ (35) . Upon detection of IAV viral particles via PRRs, pulmonary Mφ convert into highly active cells and become the major source of inflammatory cytokines/chemokines including type I IFNs, which are essential to restrict early viral replication. These signals also orchestrate the recruitment of other leukocytes to the lungs to mount a potent antiviral immune response. Although IAV inhibits early apoptosis in epithelial cells of the respiratory tract to preserve a niche for replication, it preferentially induces early apoptosis in Mφ via PB1-F2 (19) . Hence, by subverting Mφ function, IAV delays the antiviral immune response and replicates more efficiently. We demonstrate here for the first time, to our knowledge, that a PRR could effectively interact with a viral proapoptotic protein in Mφ mitochondria, thereby preventing early apoptosis and leading to increased type I IFN production by these cells. Although in the current study we have demonstrated that the interaction between host Mφ NLRX1 and viral PB1-F2 is critical for the control of IAV replication both in vitro and in vivo, further study is necessary to evaluate the consequences of interaction between PB1-F2 and NLRX1 in other immune cells or structural cells especially lung epithelial cells. Thus, our results collectively suggest that NLRX1 plays a unique role in Mφ by maintaining mitochondrial fitness and preventing viral-induced cell death to maximize type I IFN production following IAV infection (Fig. 6 ).
There are conflicting reports with regards to the role of NLRX1 in immunity to viral infection. Early studies have suggested that NLRX1 inhibits RIG-I/MAVS-dependent signaling and type I IFN production (6, 29) . In contrast with these studies but in line with others (8, 36) , we found that NLRX1 does not inhibit RIG-I/MAVS signaling because Nlrx1 −/− Mφ stimulated with RIG-I ligands 5′pppRNA and intracellular poly(I:C) were not impaired in their ability to produce type I IFN. In further support of this conclusion, we did not find appreciable differences in IRF3 phosphorylation between IAV-infected WT and Nlrx1 −/− Mφ at early time points (e.g., before significant induction of apoptosis in Nlrx1 −/− cells). Following careful characterization of WT and Nlrx1 −/− mice during IAV infection, our data suggest that the major role of NLRX1 is in the regulation mitochondrial fitness and maintenance of cell viability by interacting with IAV PB1-F2 protein rather than inhibiting RIG-I/MAVS-dependent type I IFN signaling. Thus, our study may potentially explain the discrepancy in the literature considering that in the absence of PB1-F2, the function of NLRX1 is dispensable in immunity to IAV infection. In Nlrx1-deficient mice infected with IAV, despite increased pulmonary viral load, pathology and morbidity, there was no effect on survival which is consistent with the previous study by Allen et al. (29) . The absence of correlation between morbidity and mortality may be attributable to adaptive immunity, because IAV-infected Nlrx1-deficient Mφ undergo more apoptosis, which may enhance T cell-mediated immunity via antigen cross-presentation (37) . In addition, the early excessive host inflammatory responses in IAV-infected Nlrx1-deficient mice that contributed to the respiratory tissue damage and dysfunction may be explained by two major factors mediated by IAV virus PB1-F2 protein: (i) the increased early viral propagation attributable to significant increase in apoptosis of the pulmonary Mφ, which led to the significant reduction in type I IFN-mediated antiviral immunity; and (ii) the increased levels of PB1-F2 expression, which intensifies the NF-κB and NLRP3 signaling pathways (38, 39) . Thus, NLRX1 strongly attenuates the early function of PB1-F2 and influences the early host response to IAV infection. More in vivo studies will be needed to assess the function of NLRX1 in regulating inflammation and adaptive immunity to IAV infection.
Mitochondria are essential platforms conveying both antiviral and cell death signals (5). Thus, mitochondria must have evolved regulatory mechanisms to maintain health and promote antiviral signaling. PB1-F2 is the only known IAV protein that targets mitochondria to induce apoptosis preferentially in monocytes/ Mφ (19) . A study by Zamarin et al. (27) has proposed a biphasic model of PB1-F2-induced apoptosis, which consists of an early phase of infection when PB1-F2 localizes to the mitochondria without inducing apoptosis and late phase of infection when PB1-F2 activates apoptosis. We envision that NLRX1, by binding to PB1-F2, potentially disarms the ability of PB1-F2 to induce apoptosis during the early phase of infection when the level of PB1-F2 is relatively low and perhaps matches the number of NLRX1 (Fig. 6) . However, when this balance is shifted toward PB1-F2 during the late phase of infection, exceeding the number of available NLRX1 (as mimicked by Nlrx1 deficiency), PB1-F2 induces mitochondria-dependent apoptosis. Although the exact mechanism of how NLRX1 prevents PB1-F2-dependent apoptosis remains to be elucidated, we speculate that binding of NLRX1 to PB1-F2 may reduce the availability of PB1-F2 for binding to the components of the permeability transition pore complex (PTPC) and promoting apoptosis. Whether PB1-F2 is simply neutralized or further targeted for proteasomal degradation is currently under investigation. Furthermore, because PB1-F2 targets mitochondria via the basic amphipathic helix in its C-terminal region, the pronounced apoptotic effects of PB1-F2 specifically in cells of immune origin as opposed to all cell types is surprising. However, we predict that the levels of NLRX1 in different cell types may have effects on the ability of PB1-F2 to induce apoptosis. Certainly, further experiments are needed to determine the link between PB1-F2, PTPT, and NLRX1.
To fully understand the function of NLRX1, it will be essential to study the interaction between NLRX1 and PB1-F2 with other strains of IAV. Recently, the analysis of 2,566 available PB1-F2 sequences belonging to the H3N2 subtype revealed that many H3N2 strains harbor PB1-F2 proteins that vary in length because of N-terminal or C-terminal truncations (40) . Additionally, the full length of PB1-F2 may have either proinflammatory or noninflammatory properties, which is influenced by its amino acid sequence. The proinflammatory PB1-F2 protein has been directly linked to the pathogenicity of IAV H3N2 virus (e.g., influenza A/Hong Kong/1/68), whereas the noninflammatory PB1-F2 has been associated with the reduced pathogenicity of IAV infection during seasonal H3N2 influenza (A/Wuhan/359/95) (41) . It was also demonstrated that a single mutation in PB1-F2 of the highly pathogenic strains of IAV H5N1 (HK/97) and 1918 H1N1 significantly contributed to their pathogenicity and lethality (42) . Thus, we envision that further characterization of the PB1-F2 protein identifying its domain responsible for the interaction with NLRX1 will significantly facilitate future studies with other strains of IAV and may explain some of differences in PB1-F2 function between these strains.
In conclusion, the results presented here demonstrate that NLRX1 does not regulate type I IFN signaling per se during IAV infection but rather regulates mitochondrial-dependent cell death program by binding to proapoptotic IAV PB1-F2 protein. NLRX1 thus acts as a sentinel monitoring the levels of viral replication by detecting PB1-F2. When viral replication overreaches the threshold of NLRX1 in mitochondria, apoptosis signaling is activated. Additional studies are required to understand whether these findings can be generalized to other pathogens having the ability to target host mitochondria or unique to Influenza virus.
Methods
Mice. Six-to eight-week-old C57BL/6 mice were obtained from The Jackson Laboratory. Nlrx1-deficient mice (provided by S. Girardin, University of Toronto) were bred at McGill University. Infected mice were monitored daily for morbidity and mortality up to 21 d postinfection. Experiments were carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of McGill University.
Isolation and Culture of Primary Cells and Cell Lines. Murine bone marrow derived macrophages (BMDMs) were prepared from aseptically dissected and flushed tibias and femurs of 7-to 9-wk-old mice. Bone marrow cells were differentiated into BMDMs for 7 d in RPMI-1640 supplemented with 30% (vol/vol) L929 cell-conditioned [American Type Culture Collection (ATCC)] medium, 10% (vol/vol) FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 1% essential and nonessential amino acids, and 100 U/mL penicillin/streptomycin. Viral infection was performed in fresh complete medium without L929 cellconditioned medium. Madin-Darby Canine Kidney (MDCK), 293T, A549, and MLE12 cells were obtained from the ATCC and were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (vol/vol) FBS, 10 mM Hepes, and 100 U/mL of penicillin/streptomycin or in Hams DMEM: F12 supplemented with 5% (vol/vol) FBS, 10 mM Hepes, 1× insulin-transferin-selenium, and penicillin/streptomycin. Unless indicated, all cells were plated at the density of 0.5-1 × 10 6 cells per well in six-well plate. All media and supplements were from GIBCO. On the day of infection, the BMDM culture medium was replaced with 1% FBS supplemented medium deprived of L929 cells supernatant. Infection with IAV was performed for 1 h, after which cell monolayer was washed once with PBS, medium was replaced with 10% FBS-containing RPMI medium, and cells were cultured for the indicated time. Viruses were propagated and isolated from MDCK cells and titrated using standard plaque assay in MDCK cells (43) .
RNA Isolation and Real-Time Quantitative PCR. RNA from BMDMs, lung tissue, and epithelial cells (5 × 10 5 ) was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions; 500 ng of RNA was reversetranscribed using the iScriptcDNA Synthesis Kit (Bio-Rad), and measurements of gene expression were carried out using iQ SYBR Green SuPermix (Bio-Rad) according to the manufacturer's instructions. Raw threshold cycle (Ct) values were obtained from Bio-Rad CXT96 quantitive (q)PCR instrument. Results were analyzed using the 2 -ΔCt formula normalizing target gene expression to mGAPDH. qPCR primer pairs are listed in Table S1 .
Histology and Analysis of Pulmonary Function. For histopathologic examination, lungs were fixed by inflation and immersion in buffered formalin and subjected to H&E staining. Airway hyperreactivity in response to methacholine was evaluated using the flexiVent apparatus and flexiVent 5.1 software as previously described (44) .
Flow Cytometry. Single-cell suspension was obtained from perfused lungs, which were incubated at 37°C for 2 h in a mixture of collagenase (300 U per organ) (Sigma) and DNase I (80 U/mL) (Sigma). BAL was conducted by cannulating the trachea with a 22-gauge catheter. Lungs were then washed by instilling 3 × 800 μL of PBS. The total lavage fluid recovered was ∼2 mL. Lung cells and BAL fluid were first incubated with anti-CD16/32 (BD Biosciences) in 0.5% BSA/PBS to block nonspecific Ab interaction with Fc receptors. Then, cells were surface-stained with different combinations of FITC-conjugated anti-CD45.2, V500-conjugated anti-MHC II (I-A/I-E), PE-conjugated anti-Siglec-F, APC-Cy7-conjugated anti-CD11c, PerCP-conjugated anti-CD115, APC-conjugated anti-F4/80, PE-Cy7-conjugated anti-Gr1, PE-Cy7-conjugated anti-CD19, PE-conjugated anti-CD3, and APC-conjugated anti-NK1.1 (all from BD Biosciences). Intracellular staining for IAV NP and active Caspase-3 was performed using Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD Biosciences) with FITC-conjugated anti-IAV NP (Abcam), and PE-conjugated anti-Active Caspase-3 (BD Biosciences). Flow cytometry was performed using BD LSR II (BD Biosciences) with FACSDiva Software Version 6.1.2 (BD Biosciences), and analysis was performed using FlowJo Software Version 10.0.6 (Tree Star).
Mφ Stimulation and Cytokine Quantification. Transfection of BMDMs was performed using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. Lipofectamine was used to transfect cells with 5′pppdsRNA (InvivoGen) at a concentration of 0.1 μg/mL. BMDMs were also transfected with the dsRNA synthetic analog poly(I:C) [poly(I:C) LyoVec; InvivoGen] at a concentration 0.5 μg/mL according to the manufacturer's instructions. Cells were harvested at different time points posttransfection, and cDNA was prepared to measure mRNA expression level of indicated genes (see Table  S1 Subcellular Fractionation, Immunoprecipitation, and Western Blot Analysis. To isolate mitochondrial fractions from cell preparations, the mitochondrial isolation kit (MACS reagent; Miltenyi Biotec) for tissue and cultured cells was used according to the manufacturer's instructions. For coimmunoprecipitation experiments, mitochondrial extract (50-100 μg) or total cell lysates from transfected 293T cells or IAV-infected 293T and A549 cells suspended in lysis buffer [1% Triton X-100, 150 mM NaCl, 20 mM Hepes (pH 7.5), 10% (vol/vol) glycerol, 1 mM EDTA, protease inhibitors] were incubated with antibody at 4°C for 2 h. Protein A-and G-agarose beads (Sigma) were then added, followed by incubation at 4°C overnight. The beads were washed three times with lysis buffer and boiled in 2× SDS loading buffer for 5 min. Immunoprecipitated proteins were then analyzed by Western blotting. For GST pulldown experiments, beads-bound GST-PB1-F2 was blocked with H-buffer [20 mM Hepes (pH 7.7), 75 mM KCl, 0.1 mM EDTA, 25 mM MgCl 2 , 0.05% Nonidet P-40, 1 mM DTT, 1 mg/mL BSA]. Blocked beads were incubated with mitochondrial lysate for 16 h at 4°C. Pelleted beads were then washed in H-buffer, and bound proteins were analyzed by immunoblots. pGEX6-PB1-F2 plasmid was a generous gift from W. Wixler (Munster University, Germany). Recombinant GST-PB1-F2 protein was produced and purified according to the GST-tagged protein purification manual (GE Healthcare Life Sciences). Rabbit anti-NLRX1 (cross-reactivity against human NLRX1) (1:1,000) (no. 8583), rabbit anti-IRF3 (1:1,000), rabbit anti-phIRF3 (1:500), rabbit anti-AIF (1:1,000), mouse anti-COX IV (1:1,000), and rabbit anti-VDAC1 (1:1,000) antibodies were purchased from Cell Signaling Technology. Rabbit anti-NLRX1 (cross-reactivity against mouse NLRX1) (1:1,000) (H142) and rabbit anti-Tom20 (1:1,000) were purchased from Santa Cruz Biotechnology. Rabbit anti-HA (1:1,000) (H6908) and mouse anti-Actin (1:10,000) were purchased from Sigma. Anti-IAV PB1-F2 polyclonal serum (1:5) was kindly provided by W. Wixler. Finally, HRP-labeled anti-secondary Ab was used at a dilution 1:10,000 for detection of bound primary Ab by ECL (Amersham). For phospho-IRF3 protein detection, stimulated cells were lysed in ice-cold buffer A [50 mM Tris·Cl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 1% (vol/vol) Triton X-100, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate, 0.27 M sucrose, complete miniprotease inhibitor mixture, and 2 mM DTT]; 20 μg of lysates was submitted to SDS/PAGE, transferred to nitrocellulose, blocked with 5% (vol/vol) BSA-TBS for 1 h at room temperature, and immunoblotted overnight at 4°C with specific antibodies diluted in 2% (vol/ vol) Tris-buffered saline with Tween 20 (TBST) [pIRF3 (Ser396) Cell Signaling no. 4947 (1:1,000); GAPDH Millipore no. MAB374 (1:4,000) ]. The signal was detected using goat anti-mouse DyLight 680 and goat anti-rabbit DyLight 800 diluted 1:15,000 in 1% BSA-TBST and quantified using Licor Odyssey imaging system. Confocal Microscopy. A549 cells were cultured on glass coverslips coated with Collagen I (Sigma). In some experiments, cells were transfected with myctagged PB1-F2-expressing vector or empty vector. In other conditions, A549 cells were infected with PR8 strain of Influenza virus (MOI of 5) or PR8 ΔPB1-F2. Cells were processed for indirect immunofluorescence at 24 h posttransfection or postinfection by fixing in 4% (vol/vol) paraformaldehyde for 20 min. Cell membranes were permeabilized by incubating with PBS buffer containing 0.2% Triton X-100 for 5 min. Samples were blocked in 1% BSA for 30 min before incubation with primary and secondary antibodies. All washes used PBS. Mitochondria were stained using mitochondrial stain CMXRos, according to the manufacturer's protocol (Molecular Probes, Invitrogen). NLRX1 protein was detected with rabbit polyclonal antibody anti-NLRX1 (Cell Signaling Technology) at a 1:50 dilution. Myc tag was detected by using mouse mAb anti-myc (Sigma) at a 1:750 dilution. Viral PB1-F2 protein in infected cells was detected with mouse polyclonal anti-PB1-F2 serum at a dilution 1:5. Secondary antibodies were Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen), Alexa Fluor 555-conjugated goat anti-mouse (Invitrogen), and Alexa Fluor 350-conjugated donkey anti-mouse (Invitrogen). Images of nuclei were visualized by DAPI staining (1:2,000; Molecular Probes). Coverslips were mounted (ProLong Gold Anti Fade; Invitrogen) onto microscope slides, and stained cells were viewed under Leica TCS SP2 laserscanning confocal microscope. Statistical Analysis. Statistical analysis was performed using GraphPad Prism Version 6.0 (GraphPad Software). Data were compared using a two-tailed Student t test or two-way ANOVA with Sidak's multiple comparison test and are expressed as means ± SEM. The log-rank test was used to compare mouse survival rates. Differences were considered significant if P < 0.05.
